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Charge localization in disordered colossal-magnetoresistance manganites
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The metallic or insulating nature of the paramagnetic phase of the colossal-magnetoresistance manganites is
investigated via a double-exchange Hamiltonian with diagonal disorder. The mobility edge trajectory is deter-
mined with the transfer-matrix method. Density-of-states calculations indicate that random hopping alone is
not sufficient to induce Anderson localization at the Fermi level with 20—30 % doping. We argue that the
metal-insulator transition is likely due to the formation of localized polarons from nonuniform extended states
as the effective bandwidth is reduced by random hoppings and electron-electron interactions.
[S0163-182607)04832-1

The recent discovery of colossal magnetoresistjance(cfw) annihilate(create a mobileey electron with spino at
(CMR) in Mn oxides La _,AMnO; (whereA can be Ca, orbital y (ye{a,b}). nj,=c]ci,,. The random diagonal
Sr, or Ba has generated extensive interest in these perovsnergy ¢ is included to account for substitutional
kites. The essential correlation between the magnetlzat|oaisorder§3 The J,, term describes the Hund rule coupling
and resistivity in these compounds was well explained by peeen the local spin df electrons and the, electrons;
the double-exchangéDE) mechanisnt. However, the pre- g "\ “jo " deceribes the on-site inter-orbital electron-

cise nature of the ferromagnetic metal to the paramagnetic ; . .
insulator transition is still not well understood. Recently,elec’[ron €-€) interactions. In the Mn oxides;,;>t/S. Here

Millis et al* argued that Jahn-Tell¢dT) effect have to be W€ neglect the on-site intraorbitate interactions and ex-
included to explain the observed resistivity behavior and th&hange interactions, which is reasonable in the ldkge-

magnetic transition temperature. It was then propbSéuat limit. , o
the metal-insulator transitiofMIT) is a consequence of the  We consider only the limi§J, /t—<. As a consequence,

large to small polaron transition, induced by the reduction ofthe electronic spin at each site is parallel to the local spin for

effective hopping integrals at temperatures n€ar How- the low-energy states of interest. To study these low-energy

ever, there are competing propo§dishat advocate that the States we can use a projection opergfoto project out the

DE mechanism alone can explain the magnetic propertiebigh-energy states. Then the Hund rule coupling interaction

and MIT in Mn oxides. Notably, Varntaargued that random can be dropped and the hopping term is renormalized to

hopping in the paramagnetic phase due to the DE mechanism

is sufficient to I.ocalize glectrons _and inducg a MITTat. o o 0. _

AIthou%h there is mounting experimental evidence of lattice  {»v' —v¥' cos( _') cos(—J +sin( _') sin( _l) ei(dndq-)}

effect$? and small polaron dynamics aboVe, it is still . 2 2 2 2

not clear at present whether the small polaron formation for 2

temperatures close 6. is the driving force of the MIT or

merely a consequence of the MIT from the DE mechanismn the classical spin limiB=o, where @, ,#;) are the polar

itself. To investigate the origin of the MIT, a precise calcu- angles of the classical spin at siteBoth finite J; andS will

lation of the localization effects in the DE model is needed gecrease the localization effect, while the interorbitad

In this paper we study the localization properties in the DEpteractionv will probably increase it. To simplify the prob-

model using the well-developed transfer-matrix metffod. o further, we will neglect thee-e interaction here and
The DE mechanism can be described by the Hamﬂtomagssume that its only important contribution is to renormalize

Hamiltonian parameters. The Hamiltoniél) is then “trans-

>

HIZ (7 CiTyony'a+ H-C-)+2 (€y—m)N;y formed” to an effective(two-orbital) single-electron Hamil-
() ' tonian. The localization properties of the simplified two-
. orbital Hamiltonian can be investigated via the transfer-

_JHZ Uiy'SiJFVZ NiaNip » () matrix method. Withoute-e interaction, the localization

R R properties in a two-orbital model are similar to those in a
whereo;, is the electronic spin operator ai&l is the local  one-orbital model. Thus we will investigate the Hamiltonian
spin S=3/2 of three Mnt,4 d electrons. The operatocs,,  with only oneeffective orbital:
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H:E (€—p)n;+ E (tijCiTCj+H-C-)- 3 102; T T 7 L ™}
! <i)> wW=0 0
[ o o o 1.0

If there is no Jahn-Teller coupling, the carrier density of each 10! | L2 E s # . §;8 4
orbital would be approximately half of the doping How- S O 35 3
ever, static or dynamic JT effects will complicate this issue lM/M R f §;§5§
and thee,-degeneracy splitting is not well understood in the 109 L 5 g g 3 @ o= 4.0 |
metallic region at present. The Hamiltoniéd) describes the E e o . f © E
dynamics of electrons in atatic background of classical - *
spins, with the hopping matrix elements dependent on the 107! R B 1
spin configuration via Eq(2). This approximation of dy- : -
namic disorder by static disorder is valid in the laigémit. r

In the simplified Hamiltoniar(3), electron localization is AT e TR 0 12 11 16 18
due to both off-diagonal and diagonal disorder. The off- M

diagonal disorder is intrinsic to the DE model in the para-

magnetic phase and the resistivity due to this spin-disordered F|G. 1. Ratio of the finite-size localization length to the width
scattering was calculated in Born approximatbror ), /M as a function oM for the double-exchange model in the
memory function approximatich. Localization via off- absence of any diagonal disorder. The mobility edge is located
diagonal disorder has not been studied extensively. A fevaroundE.=—3.5a. All states withE<E_ are localized.
calculation$® have been made for uniform distributions of

real hopping integral$ in one- and two-dimensionalD) in Fig. 1, in which we plot the ratio of the calculated finite-
systems. Also there are studies on 2D random flux systemsize |ocalization lengtfv,, with M, as a function oM for
with uniform |t|.*® The most relevant work for the present different energies. It is clear that the mobility edge,
model was a study by Economou and Antortidier systems  where A, /M should be a constant independent Mf is

with a semicircular distribution of hopping integrals. Their ocated in the region 3.55|E|/t<3.6. To determine
work was based on the localization criteria of Licciardellohether the Fermi level is below or abo. at certain

and Economot® A recent calculatiol? based on the Ziman doping levels, we need to know the density of std@69)
criteriorf was also reported. None of these calculations Proof the system, which we obtain by directly diagonalizing the
duce the precise mobility edge. Moreover, the random Berrnyygmiltonian matrix for a finite size (2010x 10) cluster.
phase$* [the phases of;; in Eq. (2)] are not included and  The integrated DOS and the DOS, averaged over nihog)
their importance is difficult to assess. configurations, are shown in Fig. 2. This indicates that less
Here we investigate the localization properties of theinan 0.5% of the states are beldsy= —3.5& (Fig. 2), far
Hamiltonian (3) with the transfer-matrix methof. This  |ess than the required 20—30 % for the CMR system. There-
technique, coupled with a finite-size scaling analysis, profore, the present calculation confirms the suggeStitvat
duces the most reliable information about the extended Oburely off-diagonal disorder in the DE model is far from
localized nature of the eigenstates. In this technique, ongyfficient to localize electrons in the CMR materials at the
considers a bar of lengtN and cross sectioM XM. One  20-30 % doping level. The inefficiency of the off-diagonal

determines the largest localization length) asN—< from  gjisorder can be understood by looking at the distributions
the smallest Lyapunov coefficient of the product of the ranf the amplitude of the hopping integral; , P(|t;;])=

dom transfer matrix relevant to E¢3). The nature of the
eigenstate can be determined by studying the scaling prop-
erty of the localization length of finite systems. For extended
(localized states\y, /M increasegdecreaseswith increas-
ing M. At the mobility edge, which separates the extended
from the localized states\,/M is independent oM and
this behavior defines the Anderson transition.

In the paramagnetic phase, the direction of the local spin

§i is chosen to be uniformly distributed on a sphere:
P(¢;)=1/27, P(cos@))=1/2. Once the spin configuration

{§} is specified, the nearest-neighbor hopping integrals can
be obtained via Eq2). The random diagonal site energy

is assumed to be distributed uniformly betweenV/2 and
W/2. In our calculation, we have used systems with widths
M=4-14 and the lengttN on the order ofN=30 000 to
minimize errors.

We first investigate the localization effects in the absence FiG. 2. Integrated density of states of the double-exchange
of any diagonal disordeW=0 to see whether random hop- model in the absence of any diagonal disonder0. The density of
pings with Berry phases in the paramagnetic phase is alongates(in units oft=!) is shown in the inset. The results are ob-
sufficient to lead to localization of a large fraction of elec- tained from exact diagonalization of ¥A0x 10 clusters averaged
trons, as has been argued in Ref. 9. Our results are presente¢kr 100 random spin configurations.

Integrated Density of States
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FIG. 3. Mobility edge trajectory of the double-exchange model
with diagonal disordeiW for electron-phonon coupling constant FIG. 4. Universal scaling function of the double-exchange
A=0, 0.03, and 1. The dashed lines show equal integrated densitypodel for differentw, E, andM. At the critical point,\, /M=~ 0.6.
of states lines at 10%, 20%, 30%, and 40% fractions. The density of he solid line is the universal scaling curve for the standard Ander-
states and the mobility edge trajectory are symmetric around theon model with diagonal disorder alone.

E=0 axis.

S . moderate coupling® This transition occurs af~10\ 23,
2|t;j|/t?. This distribution has small weight for smalij|,  where\ is the dimensionless electron-phonon coupling con-
which are most important for localization. The presence ofiant. The true mobility edge, obtained by using the coherent
the Berry phase, on the other hand, further weakens the I9angih ¢ from the finite-size scaling analysis to be discussed
calization effect by breaking the time-reversal symmétry. below, is indicated in Fig. 3 fon=0.03 and 1. For large
In fact, the mobility edgg without the Berry phase is located, 5)es of coupling constant>1 the small polaron picture
at |E¢|~3.3t. The inefficiency of the pure DE model to lo- prevails. Figures 2 and 3 are the principal results of our
calize electrons clearly points towards the necessity to ingork.
clude other effects, such as JT electron-phonon coupling, The presence of the Berry phase breaks time-reversal
electron-electron interaction effects, and diagonal substitugymmetry and hence the present model belongs to the unitary
tional disorder. , . universality class. The critical property around the MIT is

To investigate the effect of diagonal disorder, we have,yestigated using the one-parameter-scaling procedure.
calculated\  for different values ofV andE, similar to the  \we nave been successfiig. 4) in placing all our data on
W=0 case, to determine the location of the mobility edge athe same universal scaling curve,/M = f(&/M), where
fixed W._ Thg mobility edge trajectories in thg/—E plane are &W,E) is the scaling parameter corresponding to the
shown in Fig. 3. The shape of the mobility edge bears gnginjte-size localization and correlation length in the local-
remarkable resemblance to the mobility edge trajectory inzeq and metallic regimes, respectively. Moreover, our scal-
the Anderson model with diagonal disorder aIGﬁeTh_e ing data fall on the scaling functiogshown as a solid line in
main difference is in the energy scale, which is smaller in thq:ig_ 4) of the standard Anderson model with diagonal disor-
present system due to the smaller average value of the hoggr alone. The critical exponent for the localization and
ping integrals. For the DE model, we obtdit;|)=5t, lead-  correlation lengthg~|E—E.| ~” is found to bev=1.0+0.2,
ing to an effective band edffeat E,= —4.0t atW=0. This  consistent with the value for the standard Anderson mtidel.
reduction of bandwidth also accounts for the smaller criticalOur results indicate that the differences in the scaling func-
disorderW, at the band center. The outward shift of the tions, as well as critical exponents between systems with and
mobility edge for smalW is due to the increase of the ef- without time-reversal symmetry in three dimensions, is much
fective bandwidth withw. If E is normalized with the effec- more difficult to find than in two dimensions, as ndtetf
tive bandwidth instead df, the region of extended states will previously. The critical behavior of modé3) is interesting
always shrink with increasing disorde. In the same figure on its own merit and will be investigated in the future.
we have also plotted the equal integrated DOS lines. Figure 3 In Mn oxides La _,A,MnO; the potential fluctuation ex-
shows that to achieve localization of 20—30 % of the elecperienced by they electrons due to the %4 andA%" ion
trons, the presence of a substantial amount of diagonal disores, if unscreened, would amount Wo~0.6 eV. This is
ordersW, in the range 10—12 in units of is required. equivalent toW~0.612x(1—x)]*2 eV=0.95 eV atx=0.3.

The true mobility edge is controlled by the formation of Using the Gutzwiller approximatidnthe band narrowing
localized polarons in systems with strong electron-phonorirom e-e interactions a¥/= 20t is estimated to be around 0.5
coupling. The presence of disorder changes the character &fr x=0.2 and 0.6 foix=0.3, if the two orbitals are degen-
the polaron formation in three dimensions. In ordered syserate. Henc&\V/t.¢; can be as large as 13 if we assume that
tems, an abrupt change of the polaron state from the nearly=0.15 eV. Screening certainly will reduce this value, so our
free type(large polaroi to the self-trapped typésmall po-  estimate is only meant to stress the importance of disorder on
laron) occurs as the electron-phonon coupling reaches a critithe MIT in Mn oxides. We feel that disorder in CMR mate-
cal value?® In disordered systems, however, localized po-rials is not strong enough to induce localization by itself, but
larons of intermediate sizes can form from the nonuniformits sizable presence can certainly modify the small polaron
extended electronic states above the mobility edge even witformation pictur&’ for systems with a strong but less than
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critical value of electron-phonon coupling. This mechanismthe band narrowing effect due te-e interactions in the

also has the advantage of not being restricted to any particsutzwiller approximation, we find that a substantial amount

lar form of electron-phonon coupling and thus may apply toof diagonal disorder is required to localize 20—30 % of elec-

a wide range of CMR materials described by the doubletronic states. This suggests that a large electron-phonon cou-

exchange mechanism. pling and polaronic effects are necessary to explain the MIT
In summary, we have investigated the charge localizatioflose toT.

properties in Mn oxides in the classical spin limit using the  \ye would like to thank S.A. Trugman and H. &er for

simplified Hamiltonian(3). In our numerical calculations, we pelpful discussions. Ames Laboratory is operated for the
have neglected the effects of the electron-electron interaqy s, Department of Energy by lowa State University under
tion, electron-phonon couplings, quantum fluctuation ofContract No. W-7405-Eng-82. This work was supported by
spins §=3/2), and finite Hund rule coupling. The first two the directorate for Energy Research, Office of Basic Energy
will substantially enhance the electron localization, while theSciences. Work at Los Alamos is performed under the aus-

last two will delocalize electrons. Even taking into accountpices of the U.S. DOE.
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